High-redshift submillimetre galaxies (SMGs) are some of the most rapidly star-forming galaxies in the Universe. Historically, galaxy formation models have had difficulty explaining the observed number counts of SMGs. We combine a semi-empirical model with 3-D hydrodynamical simulations and 3-D dust radiative transfer to predict the number counts of unlensed SMGs. Because the stellar mass functions, gas and dust masses, and sizes of our galaxies are constrained to match observations, we can isolate uncertainties related to the dynamical evolution of galaxy mergers and the dust radiative transfer. The number counts and redshift distributions predicted by our model agree well with observations. Isolated disc galaxies dominate the faint (S 1.1 1 mJy, or S 850 2 mJy) population. The brighter sources are a mix of merger-induced starbursts and galaxy-pair SMGs; the latter subpopulation accounts for ∼ 30 − 50 per cent of all SMGs at all S 1.1 0.5 mJy (S 850 1 mJy). The mean redshifts are ∼ 3.0 − 3.5, depending on the flux cut, and the brightest sources tend to be at higher redshifts. Because the galaxy-pair SMGs will be resolved into multiple fainter sources by ALMA, the bright ALMA counts should be as much as 2 times less than those observed using single-dish telescopes. The agreement between our model, which uses a Kroupa IMF, and observations suggests that the IMF in high-redshifts starbursts need not be top-heavy; if the IMF were top-heavy, our model would over-predict the number counts. We conclude that the difficulty some models have reproducing the observed SMG counts is likely indicative of more general problems -such as an under-prediction of the abundance of massive galaxies or a star formation rate-stellar mass relation normalisation lower than that observed -rather than a problem specific to the SMG population.
INTRODUCTION
Submillimetre galaxies (SMGs; Smail et al. 1997; Barger et al. 1998; Hughes et al. 1998; Eales et al. 1999; see Blain et al. 2002 for a review) are amongst the most luminous, rapidly star-forming galaxies known, with luminosities in excess of 10 12 L⊙ and star formation rates (SFR) of order ∼ 10 2 − 10 1989; Barnes & Hernquist 1991 Mihos & Hernquist 1996) . Thus, it is natural to suppose that SMGs, which are the most luminous, highly star-forming galaxies at high redshift, are also late-stage major mergers undergoing starbursts. There is significant observational support for this picture (e.g., Ivison et al. 2002 Ivison et al. , 2007 Ivison et al. , 2010 Chapman et al. 2003; Neri et al. 2003; Smail et al. 2004; Swinbank et al. 2004; Greve et al. 2005; Tacconi et al. 2006 Tacconi et al. , 2008 Bouché et al. 2007; Biggs & Ivison 2008; Capak et al. 2008; Younger et al. 2008 Younger et al. , 2010 Iono et al. 2009; Engel et al. 2010; Bothwell et al. 2010 Bothwell et al. , 2012 Riechers et al. 2011a,b; Magnelli et al. 2012) . However, there may not be enough major mergers of galaxies of the required masses to account for the observed SMG abundances (Davé et al. 2010) . Consequently, explaining the abundance of SMGs has proven to be a challenge for galaxy formation models. Much observational effort has been invested to determine the number counts and redshift distribution of SMGs (e.g., Chapman et al. 2005; Coppin et al. 2006; Knudsen et al. 2008; Chapin et al. 2009; Weiß et al. 2009; Austermann et al. 2009 Austermann et al. , 2010 Scott et al. 2010; Zemcov et al. 2010; Aretxaga et al. 2011; Banerji et al. 2011; Hatsukade et al. 2011; Wardlow et al. 2011; Roseboom et al. 2012; Yun et al. 2012 ) because this information is key to relate the SMG population to their descendants and to understand SMGs in the context of hierarchical galaxy formation models. Various authors have attempted to explain the observed abundance of SMGs using phenomenological models (e.g., Pearson & Rowan-Robinson 1996; Blain et al. 1999b; Devriendt & Guiderdoni 2000; Lagache et al. 2003; Negrello et al. 2007; Béthermin et al. 2012) , semi-analytic models (SAMs; e.g., Guiderdoni et al. 1998; Blain et al. 1999a; Granato et al. 2000; Kaviani et al. 2003; Granato et al. 2004; Baugh et al. 2005; Fontanot et al. 2007; Lacey et al. 2008 Lacey et al. , 2010 Swinbank et al. 2008; Lo Faro et al. 2009; González et al. 2011) , and cosmological hydrodynamical simulations (Fardal et al. 2001; Dekel et al. 2009; Davé et al. 2010; Shimizu et al. 2012) . Granato et al. (2000) presented one of the first SAMs to selfconsistently calculate dust absorption and emission by coupling the GALFORM SAM with the GRASIL spectrophotometric code (Silva et al. 1998 ). This was a significant advance over previous work, which effectively treated the dust temperature as a free parameter. Self-consistently computing dust temperatures made matching the submm counts significantly more difficult: the submm counts predicted by the Granato et al. model were a factor of ∼ 20 − 30 less than those observed (Baugh et al. 2005; Swinbank et al. 2008) .
The work of Baugh et al. (2005, hereafter B05 ) has attracted significant attention to the field because of its claim that a flat IMF is necessary to reproduce the properties of the SMG population, which we will discuss in detail here. B05 set out to modify the Granato et al. (2000) model so that it would reproduce the properties of both z ∼ 2 SMGs and Lyman-break galaxies (LBGs) while also matching the observed z = 0 optical and IR luminosity functions. Adopting a flat IMF 1 in starbursts rather than the Kennicutt (1983) IMF used in Granato et al. (2000) was the key change that enabled B05 to match the observed SMG counts and redshift distribution while still reproducing the local K-band luminosity function. A more top-heavy IMF results in both more luminosity emitted and more dust produced per unit SFR; consequently, the submm flux per unit SFR is increased significantly (see B05 and Hayward et al. 2011a , hereafter H11, for details). The B05 modifications increased the S850 per unit SFR for starbursts by a factor of ∼ 5 (G.-L. Granato, private communication) , which caused starbursts to account for a factor of ∼ 10 3 times more sources at S850 = 3 mJy than in Granato et al. (2000) . As a result, in the B05 model, ongoing starbursts dominate the counts for 0.1 S850 30 mJy. Interestingly, these starbursts are triggered predominantly by minor mergers (B05; González et al. 2011) . Swinbank et al. (2008) present a detailed comparison of the properties of SMGs in the B05 model with those of observed SMGs. The far-IR SEDs, velocity dispersions, and halo masses (see also Almeida et al. 2011 ) are in good agreement; however, recent observations suggest that the typical redshift of SMGs may be higher than predicted by the B05 model and, contrary to the B05 prediction, brighter SMGs tend to be at higher redshifts (Yun et al. 2012; Smolčić et al. 2012) . Furthermore, the rest-frame K-band fluxes of the B05 SMGs are a factor of ∼ 10 lower than observed; the most plausible explanation is that the masses of the SMGs in the B05 SAM are too low (Swinbank et al. 2008 ), but the top-heavy IMF in starbursts used by B05 makes a direct comparison of masses difficult. These disagreements are reasons it is worthwhile to explore alternative SMG models. Granato et al. (2004) presented an alternate model, based on spheroid formation via monolithic collapse, that predicts submm counts in good agreement with those observed and reproduces the evolution of the K-band luminosity function. However, the typical redshift they predict for SMGs is lower than recent observational constraints (Yun et al. 2012; Smolčić et al. 2012) , and this model does not include halo or galaxy mergers.
The Fontanot et al. (2007) model predicts SMG number counts in reasonable agreement with those observed using a standard IMF; they argue that the crucial difference between their model and that of B05 is the cooling model used (see also Viola et al. 2008 and De Lucia et al. 2010 ). However, their SMG redshift distribution peaks at a lower redshift than the redshift distribution derived from recent observations (Yun et al. 2012; Smolčić et al. 2012) . Furthermore, the Fontanot et al. (2007) model produces an overabundance of bright galaxies at z < 1. However, this problem has been significantly reduced in the latest version of the model (Lo Faro et al. 2009 ), which provides a significantly better fit to the galaxy stellar mass function at low redshift ). In the revised model, the submm counts are reduced by ∼ 0.5 dex, primarily because of the change in the IMF from Salpeter to Chabrier, but the redshift distribution is unaffected. Thus, the submm counts for the new model are consistent with the data for S850 3 mJy, but they are slightly less than the observed counts at higher fluxes . No fine-tuning of the dust parameters has been performed for the new model.
A compelling reason to model the SMG population in an alternative manner is to test whether a top-heavy IMF is required to explain the observed SMG counts. Matching the submm counts is the primary reason B05 needed to adopt a flat IMF in starbursts.
2 Using the same model, Lacey et al. (2008) show that the flat IMF is necessary to reproduce the evolution of the mid-IR luminosity function. Others (e.g., Guiderdoni et al. 1998; Blain et al. 1999a; Davé et al. 2010 ) have also suggested that the IMF may be top-heavy in SMGs, but they do not necessarily require variation as extreme as that assumed in B05. However, the use of a flat IMF in starbursts remains controversial: though there are some theoretical reasons to believe the IMF is more top-heavy in starbursts (e.g., Larson 1998 Larson , 2005 Elmegreen & Shadmehri 2003; Elmegreen 2004; Hopkins 2012; Narayanan & Davé 2012) , there is to date no clear evidence for strong, systematic IMF variation in any environment (Bastian et al. 2010 and references therein). Furthermore, in local massive ellipticals, the probable descendants of SMGs, the IMF may actually be bottom-heavy (e.g., van Dokkum & Conroy 2010 Conroy & van Dokkum 2012; Hopkins 2012) . Finally, the large parameter space of SAMs can yield multiple qualitatively distinct solutions that satisfy all observational constraints (Bower et al. 2010; Lu et al. 2011 Lu et al. , 2012 , so it is possible that a top-heavy IMF in starbursts is not required to match the observed submm counts even though it enables B05 to match the submm counts.
3 Thus, it is useful to explore other methods to predict the submm counts and to determine whether a match can be achieved without using a topheavy IMF.
Another reason to model the SMG population is to investigate whether, like local ULIRGs, they are predominantly merger-induced starbursts. Some observational evidence suggests that some SMGs may be early-stage mergers in which the discs have not yet coalesced and are likely not undergoing starbursts (e.g., Tacconi et al. 2006 Tacconi et al. , 2008 Engel et al. 2010; Bothwell et al. 2010; Riechers et al. 2011a,b) , and massive isolated disc galaxies may also contribute to the population (e.g., Bothwell et al. 2010; Carilli et al. 2010; Ricciardelli et al. 2010; Targett et al. 2011 Targett et al. , 2012 In H11 and H12, we suggested that the inefficient scaling of (sub)mm flux with SFR in starbursts results in an SMG population that is heterogeneous: major mergers contribute both as coalescence-induced starbursts and during the pre-coalescence infall stage, when the merging discs are blended into one (sub)mm source because of the large (∼ 15", or ∼ 130 kpc at z ∼ 2 − 3) beams of the single-dish (sub)mm telescopes used to perform large SMG surveys. We refer to the latter subpopulation as 'galaxy-pair SMGs'. Similarly, compact groups may be blended into one source and can thus also contribute to the population. The most massive, highly star-forming isolated discs may also contribute (H11). Finally, it has been observationally demonstrated that there is a contribution from physically unrelated galaxies blended into one source (Wang et al. 2011) . It is becoming increasingly clear that the SMG population is a mix of various classes of sources; if one subpopulation does not dominate the population, physically interpreting observations of SMGs is significantly more complicated than previously assumed.
In previous work, we demonstrated that major mergers can reproduce the observed 850-µm fluxes and typical SED (Narayanan et al. 2010b ); CO spatial extents, line-widths, and excitation ladders ); stellar masses (Narayanan et al. 2010b; H11; Michałowski et al. 2012) ; LIReffective dust temperature relation, IR excess, and star formation efficiency , hereafter H12) observed for SMGs. In this work, we present a novel method to predict the (sub)mm counts from mergers and quiescently star-forming disc galaxies. We utilise a combination of 3-D hydrodynamical simulations, on which we perform radiative transfer in post-processing to calculate the UV-to-mm SEDs, and a semi-empirical model (SEM) of galaxy formation -both of which have been extensively validated in previous work -to predict the number counts and redshift distribution of SMGs in our model. We address four primary questions: 1. Can our model reproduce the observed SMG number counts and redshift distribution? 2. What are the relative contributions of merger-induced starbursts, galaxy pairs, and isolated discs to the SMG population? 3. How will the number counts and redshift distribution of ALMA-detected SMGs differ from those determined using single-dish surveys? 4. Does the SMG population provide evidence for a top-heavy IMF in high-redshift starbursts?
The remainder of this paper is organised as follows: In Section 3, we present the details of the simulations we use to determine the time evolution of galaxy mergers and to translate physical properties of model galaxies into observed-frame (sub)mm flux densities. In Section 4, we discuss how we combine the simulations with a SEM to predict the (sub)mm counts for merger-induced starburst SMGs (Section 4.1) and isolated disc and galaxy-pair SMGs (Section 4.2). In Section 5, we present the predicted counts and redshift distribution of our model SMGs and the relative contribution of each subpopulation. We discuss implications for the IMF, compare to previous work, and highlight some uncertainties in and limitations of our model in Section 6, and we conclude in Section 7.
SUMMARY OF THE MODEL
Predicting SMG counts requires three main ingredients: 1. Because SFR and dust mass are the most important properties for predicting the (sub)mm flux of a galaxy (H11), one must model the time evolution of those properties for individual discs and mergers. 2. The physical properties of the model galaxies must be used to determine the observed-frame (sub)mm flux density of those galaxies. 3. One must put the model galaxies in a cosmological context. Ideally, one could combine a cosmological hydrodynamical simulation with dust radiative transfer to self-consistently predict the (sub)mm counts. However, this is currently infeasible because the resolution required for reliable radiative transfer calculations cannot be achieved for a cosmological simulation large enough to contain a significant number of SMGs (see, e.g., Davé et al. 2010 ).
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Here, we develop a novel method to predict the number counts and redshift distribution of high-z SMGs while still resolving the dusty ISM on scales of ∼ 200 pc. We predict (sub)mm counts using a combination of a simple SEM (Hopkins et al. 2008a,c) and idealised high-resolution simulations of galaxy mergers. The method we use for each of the three model ingredients depends on the subpopulation being modelled. The physical properties of the isolated disc galaxies and early-stage mergers are determined using the SEM. For the late-stage mergers, hydrodynamical simulations are used because of the complexity of modelling a merger's evolution. Dust radiative transfer is performed on the hydrodynamical simulations to translate the physical properties into observed (sub)mm flux density. For the isolated discs and early-stage mergers, fitting functions derived from the simulations are used, whereas 4 Recently, Shimizu et al. (2012) predicted SMG number counts using a cosmological simulation with a self-consistent model to calculate the far-IR emission. However, their model assumes a single dust temperature and neglects dust self-absorption, so the submm fluxes predicted by their model may be significantly (∼ 0.3 − 0.5 dex) greater those calculated using full 3-D dust radiative transfer (H11). An investigation of the effects of this uncertainty on the predicted counts is underway. for the late-stage mergers, the (sub)mm light curves are taken directly from the simulations. Finally, the isolated galaxies are put in a cosmological context using an observed stellar mass function (SMF). For the mergers, merger rates from the SEM and duty cycles from the simulations are used. The methods are summarised in Table 1 , and each component of the model is discussed in detail below.
We emphasize that we do not attempt to model the SMG population in an ab initio manner. Instead, we construct our model so that the SMF, gas fractions, and metallicities are consistent with observations. This will enable us to test whether, given a demographically accurate galaxy population, we are able to reproduce the SMG counts and redshift distribution. If we are not able to reproduce the counts and redshift distribution, then our simulations or radiative transfer calculations must be incomplete. If we can reproduce the counts and redshift distribution, then it is possible that the failure of some SAMs and cosmological simulations to reproduce the SMG counts may be indicative of a more general problem with those models (e.g., a general under-prediction of the abundances of massive galaxies) rather than a problem specific to the SMG population.
In the next two sections, we describe our model in detail. Readers whom are uninterested in the details of the methodology may wish to skip to Section 5.
SIMULATION METHODOLOGY

Hydrodynamical simulations
We have performed a suite of simulations of isolated and merging disc galaxies with GADGET-2 (Springel et al. 2001; Springel 2005) , a TreeSPH (Hernquist & Katz 1989) code that computes gravitational interactions via a hierarchical tree method (Barnes & Hut 1986) and gas dynamics via smoothed-particle hydrodynamics (SPH; Lucy 1977; Gingold & Monaghan 1977; .
5 It explicitly conserves both energy and entropy when appropriate (Springel & Hernquist 2002) . Beyond the core 5 Recently, some authors (Agertz et al. 2007; Bauer & Springel 2012; Sijacki et al. 2012 ) have noted several significant flaws inherent in the traditional formulation of SPH, including the artificial suppression of fluid instabilities, artificial damping of turbulent eddies in the subsonic regime, and a lack of efficient gas stripping of infalling structures. Consequently, the results of cosmological simulations performed using GADGET-2 can differ significantly from those performed with the more accurate moving-mesh code AREPO even when the physics included in the codes is identical Kereš et al. 2012; Torrey et al. 2011) . Fortunately, a comparison of idealised merger simulations run with GADGET-2 and AREPO suggests that these issues do not significantly alter the global properties (e.g., star formation histories) of the mergers (Hayward et al., in preparation) , so the results presented here should be robust to these numerical issues. gravitational and gas physics, the version of GADGET-2 we use includes radiative heating and cooling (Katz et al. 1996) . Star formation is implemented using a volume-density-dependent KennicuttSchmidt (KS) law (Schmidt 1959; Kennicutt 1998) , ρSFR ∝ ρ N gas , with a low-density cutoff. We use N = 1.5, which reproduces the global KS law and is consistent with observations of high-redshift disc galaxies (Krumholz & Thompson 2007; Narayanan et al. , 2011 ; but see Narayanan et al. 2012b) .
Furthermore, our simulations include a two-phase sub-resolution model for the interstellar medium (ISM; Springel & Hernquist 2003) in which cold dense clouds are in pressure equilibrium with a diffuse hot medium. The division of mass, energy, and entropy between the two phases is affected by star formation, radiative heating and cooling, and supernova feedback, which heats the diffuse phase and evaporates the cold clouds (Cox et al. 2006b ). Metal enrichment is calculated assuming each particle behaves as a closed box the yield appropriate for a Kroupa 2 , wherė m is the mass accretion rate and c is the speed of light) to the surrounding ISM. This choice is made so that the normalisation of the MBH − σ relation is recovered . Note that our results do not depend crucially on the implementation of BH accretion and feedback for two reasons: 1. the AGN typically do not dominate (but can still contribute significantly to) the luminosity of our model SMGs because the SEDs during the phase of strong AGN activity tend to be hotter than during the starburst phase (e.g., Younger et al. 2009, Snyder et al., in preparation) , so the mergers are typically not SMGs during the AGN-dominated phase. 2. Even in the absence of AGN feedback, the SFR decreases sharply after the starburst simply because the majority of the cold gas is consumed in the starburst.
Each disc galaxy is composed of a dark matter halo with a Hernquist (1990) profile and an exponential gas and stellar disc in which gas initially accounts for 80 per cent of the total baryonic mass. At merger coalescence, the baryonic gas fractions are typically 20-30 per cent, which is consistent with the estimates of Narayanan et al. (2012a) . The mass of the baryonic component is 4 per cent of the total. The galaxies are scaled to z = 3 following the method described in Robertson et al. (2006) . Dark matter particles have gravitational softening lengths of 200h −1 pc, whereas gas and star particles have 100h −1 pc. We use 6 × 10 4 dark matter, 4 × 10 4 stellar, 4 × 10 4 gas, and 1 BH particle per disc galaxy. The detailed properties of the progenitor galaxies are given in Table 2 . Note that we have chosen galaxy masses such that most of the mergers, based upon our simulations, will contribute to the bright SMG population (i.e., at some time during the simulation they have observed 850-µm flux density S850 > 3 mJy). More massive galaxies will also contribute but are increasingly more rare, so our simulations should be representative of all but the brightest, rarest SMGs (Michałowski et al. 2012) . Note also that we have included some slightly lower mass mergers for completeness. We simulate each disc galaxy listed in Table 2 in isolation for 1.5h −1 Gyr and use these isolated disc simulations as part of our simulation suite. Our suite also includes a number of simulations of major and minor galaxy mergers. For the merger simulations, two of the progenitor disc galaxies are placed on parabolic orbits (which are motivated by cosmological simulations ; Benson 2005; Khochfar & Burkert 2006) with initial separation Rinit = 5R200/8 and pericentric-passage distance equal to twice the disc scale length, Rperi = 2R d (Robertson et al. 2006) . The evolution of the system is followed for 1.5h −1 Gyr, which is sufficient time for the galaxies to coalescence and for significant star formation and AGN activity to cease. The details of the merger simulations are given in Table 3 . For each combination of progenitor discs in Table 3 , we simulate a subset of the i-p orbits of Cox et al. (2006a) . Specifically, we use the i-p orbits for the major mergers (b6b6, b5.5b5.5, and b5b5) and the i and j orbits for the unequal-mass mergers (b6b5.5, b6b5, and b6b4) because the latter have shorter duty cycles and the variation in duty cycles amongst orbits is not a primary source of uncertainty. Consequently, we use a total of 34 GADGET-2 simulations.
Dust radiative transfer
In post-processing, we use the 3-D Monte Carlo radiative transfer code SUNRISE 6 to calculate the UV-to-mm SEDs of the simulated galaxies. We have previously simulated galaxies with colours/SEDs consistent with local SINGS (Kennicutt et al. 2003; Dale et al. 2007 ) galaxies (Jonsson, Groves, & Cox 2010) ; local ULIRGs ); massive, quiescent, compact 6 SUNRISE is publicly available at http://code.google.com/p/sunrise/. z ∼ 2 galaxies (Wuyts et al. , 2010 ; 24 µm-selected galaxies (Narayanan et al. 2010a ); K+A/post-starburst galaxies (Snyder et al. 2011) ; and extended UV discs (Bush et al. 2010) , among other populations, so we are confident that SUNRISE can be used to model the high-z SMG population. As discussed above, previous work has demonstrated that many properties of our simulated SMGs agree with observations (Narayanan et al. , 2010b Hayward et al. 2011a Hayward et al. , 2012 ), but we have yet to put our simulated SMGs in a cosmological context. We briefly review the details of SUNRISE here, but we refer the reader to Jonsson et al. (2006) , , and Jonsson & Primack (2010) for full details of the SUNRISE code.
SUNRISE uses the output of the GADGET-2 simulations to specify the details of the radiative transfer problem to be solved, specifically the input radiation field and dust geometry. The star and BH particles from the GADGET-2 simulations are used as sources of emission. Star particles are assigned STARBURST99 (Leitherer et al. 1999 ) SEDs according to their ages and metallicities. We conservatively use the Kroupa (2001) IMF when calculating the simple stellar population SED templates. Star particles present at the start of the GADGET-2 simulation are assigned ages by assuming that their stellar mass was formed at a constant rate equal to the star formation rate of the initial snapshot, but the results are insensitive to this choice because we discard the early snapshots and the stars present at the start of the simulation account for a small fraction of the luminosity at later times. The initial gas and stellar metallicities are Z = 0.015 (∼ Z⊙; Asplund et al. 2009 ). We have chosen this value so that the starbursts lie roughly on the observed mass-metallicity relation; however, the results are fairly robust to this choice because a factor of 2 change in dust mass changes the (sub)mm flux by only ∼ 50 per cent because (sub)mm flux scales approximately as M 0.6 d (Equations 15 and 16). BH particles are assigned luminosity-dependent templates derived from observations of un-reddened quasars (Hopkins et al. 2007) , where the luminosity is determined using the accretion rate from the GADGET-2 simulations as described above.
The dust distribution is determined by projecting the total gasphase metal density in the GADGET-2 simulations on to a 3-D adaptive mesh refinement grid assuming a dust-to-metal ratio of 0.4 (Dwek 1998; James et al. 2002) . We have used a maximum refinement level of 10, which results in a minimum cell size of 55h
pc. This refinement level is sufficient to ensure the SEDs are converged to within a few per cent because the structure present in the GADGET-2 simulations is sufficiently resolved; if the resolution of the GADGET-2 simulations were finer, the radiative transfer would require correspondingly smaller cell sizes. Note that we assume the ISM is smooth on scales below the GADGET-2 resolution and do not make use of the Groves et al. (2008) sub-resolution photodissociation region model. The details of, motivation for, and implications of this choice are discussed in sections 2.2.1 and 4.6 of H11. We assume the dust has properties given by the Milky Way R = 3.1 dust model of Weingartner & Draine (2001) as updated by Draine & Li (2007) . The (sub)mm fluxes are similar if the LMC or SMC dust models are used.
Once the star and BH particles are assigned SEDs and the dust density field is specified, SUNRISE performs the radiative transfer using a Monte Carlo approach by emitting photon packets that are scattered and absorbed by dust as they propagate through the ISM. The energy absorbed by dust is re-radiated in the IR. Dust temperatures, which depend on both grain size and the local radiation field, are calculated by assuming the dust is in thermal equilibrium. The ISM of our simulated galaxies can often be optically thick at IR wavelengths, so SUNRISE calculates the effects of dust selfabsorption using an iterative method. This is crucial for ensuring accurate dust temperatures.
The SUNRISE calculation yields spatially resolved SEDs (analogous to integral field unit spectrograph data) of the simulated galaxies viewed from different viewing angles. Here, we use 7 cameras distributed isotropically in solid angle. We use the SCUBA-2 850-µm, AzTEC 1.1-mm, and ALMA Bands 6 and 7 filter response curves to calculate the (sub)mm flux densities. Depending on the mass and the SMG flux cut, the simulations are selected as SMGs for ∼ 0 − 80 snapshots, and each is viewed from 7 viewing angles. Consequently, we have a sample of ∼ 3.7 × 10 4 distinct synthetic SMG SEDs that we use to derive fitting functions for the isolated disc and galaxy-pair SMGs and duty cycles for the starburst SMGs.
PREDICTING (SUB)MM NUMBER COUNTS
To calculate the total SMG number counts predicted by our model, we must account for all subpopulations, including the infall-stage galaxy-pair SMGs discussed in H11 and H12, late-stage mergerinduced starbursts, and isolated discs. To calculate the counts for the two subpopulations associated with mergers, we must combine the duty cycles of the mergers [the time the merger has (sub)mm flux greater than some flux cut] with merger rates because the number density is calculated by multiplying the duty cycles by the merger rates. For the isolated discs, we require the number density of a disc galaxy as a function of its properties and the (sub)mm flux associated with that galaxy. We describe our methods for predicting the counts of each subpopulation now.
Late-stage merger-induced starbursts
To predict the number counts for the population of late-stage merger-induced starburst SMGs, we combine merger rates -which depend on mass, mass ratio, gas fraction, and redshift -from the SEM with (sub)mm light curves from our simulations. We use the (sub)mm light curves from the simulations directly because it is difficult to analytically model the dynamical evolution of the mergers, which can depend on the galaxy masses, merger mass ratio, progenitor redshift, gas fraction, and orbital properties. For the SMG subpopulation attributable to mergers, the number density of sources with flux density greater than S λ at redshift z is
where dN/dV dtd log M bar dµdfg(M bar , µ, fg, z) is the number of mergers per comoving volume element per unit time per dex baryonic mass per unit mass ratio per unit gas fraction, which is a function of progenitor baryonic mass M bar , merger mass ratio µ, gas fraction at merger fg, and redshift z, and τ (S λ , M bar , µ, fg, z) is the amount of time (duty cycle) for which a merger with mostmassive-progenitor baryonic mass M bar , mass ratio µ, and gas fraction fg at redshift z has flux density > S λ .
Duty cycles
We calculate the duty cycles τ (S850) and τ (S1.1) for various S850 and S1.1 values for the late-stage merger-induced starburst phase of our merger simulations. We neglect the dependence of duty cycle on gas fraction because sampling the range of initial gas fractions in addition to masses, mass ratios, and orbits is computationally prohibitive. Instead, as described above, we initialise the mergers with gas fraction fg = 0.8 so that sufficient gas remains at merger coalescence.
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Similarly, because of computational limitations, we scale all initial disc galaxies to z ∼ 3. We will see below that all else being equal, the dependence of (sub)mm flux density on z is small ( 0.13 dex) for the redshift range of interest (z ∼ 1 − 6), so we assume the duty cycles are independent of redshift and place the mergers at z = 3 (which is approximately the median redshift for our model SMGs) when calculating the duty cycles. Note, however, that the submm duty cycles for the starbursts may differ for mergers with progenitor disc properties scaled to different redshifts, but our model does not capture this effect. However, because most SMGs in our model have z ∼ 2 − 4 (see below), this uncertainty should be subdominant.
For each S λ , we average the duty cycles for each set of models with identical (M bar , µ) and then fit the resulting τ (M bar , µ) surface with a second-degree polynomial in M bar and µ to estimate the duty cycle for (M bar , µ) values not explicitly sampled by our simulations.
Merger rates
The other ingredient needed to predict the counts for mergerinduced starbursts is the merger rates. We use rates from the SEM described in detail in Hopkins et al. (2008c Hopkins et al. ( , 2010a , which we will briefly summarise here. The model starts with a halo mass function that has been calibrated using high-resolution N -body simulations. Galaxies are assigned to haloes using an observed SMF for star-forming galaxies and the halo occupation formalism (Conroy & Wechsler 2009 ). We use a fiducial SMF that is a combination of multiple observed SMFs, in which each covers a subset of the total redshift range. For z < 2, we use the SMF of starforming galaxies from Ilbert et al. (2010) . constrained the SMF out to z ∼ 4, the extrapolation agrees reasonably well with the 4 < z < 7 constraints from González et al. (2011) , so this extrapolation is not unreasonable. Because the SMF at z 4 is uncertain, it may be possible to constrain the SMF at those redshifts by using the observed SMG redshift distribution and relative contributions of the subpopulations; we discuss these possibilities below. The interested reader should see for a detailed exploration of how the choice of SMF affects the predictions of our model. We do not correct for the passive galaxy fraction beyond z > 2, but this fraction is relatively small at z ∼ 2 and decreases rapidly at higher redshifts (e.g., Wuyts et al. 2011; Brammer et al. 2011) . Our composite SMF at integer redshifts in the range z = 0 − 6 is plotted in Fig. 1 . Finally, we use halo-halo merger rates from high-resolution N -body simulations and translate to galaxy-galaxy merger rates by assuming the galaxies merge on a dynamical friction time-scale.
The merger rates, SMF, and observed gas fractions are all uncertain. The merger rates are uncertain at the factor of ∼ 2 level; the various sources of uncertainty and effects of modifying the model assumptions are discussed in detail in Hopkins et al. (2010a,b) . At the redshifts of interest the random and systematic uncertainties in the SMF are comparable to the total uncertainty in the merger rates.
Predicted counts
Using the above assumptions, Equation (1) becomes
To calculate the observable cumulative counts (deg −2 ), we must multiply by dV /dΩdz, the comoving volume element in solid angle dΩ and redshift interval dz, and integrate over redshift:
where
Here, DA(z) is the angular diameter distance at redshift z and
Isolated discs and early-stage mergers
We treat the isolated discs and early-stage mergers, which are dominated by quiescent star formation, in a semi-empirical manner, in which we assign galaxy properties based off observations. To calculate the observed (sub)mm flux densities using scaling relations similar to those of H11, we must determine the SFR and dust mass of a galaxy as a function of stellar mass and redshift. We then use SMF and merger rates to calculate the (sub)mm counts for these populations.
Assigning galaxy properties
Following Hopkins et al. (2010a,c) , we assign gas fractions and sizes as a function of stellar mass using observationally derived relations. We present the relevant relations below, but we refer the reader to Hopkins et al. (2010a,b,c) for full details, including the list of observations used to derive the relations and justifications for the forms used. Hopkins et al. (2010c) have shown that this model reproduces global constraints, such as the IR luminosity function at various redshifts and the star formation history of the Universe, among others; these results support the application of the model in this work. The baryonic gas fraction, fgas = Mgas/(Mgas + M⋆), of a galaxy of stellar mass M⋆ and redshift z, as determined from the observations listed in Hopkins et al. (2010c) , is given by Equation (1) of Hopkins et al. (2010c) ,
where τ (z) is the fractional look-back time to redshift z. At a given mass, galaxy gas fractions increase with redshift. At fixed redshift, they decrease with stellar mass. Using fgas(M⋆, z), we can calculate the gas mass as a function of M⋆ and z,
Similarly, we parameterize the radius of the gas disc as a function of mass and redshift using the observations listed in Hopkins et al. (2010c) . (Note that the stellar disc radii are significantly smaller.) The relation (Equation 2 of Hopkins et al. 2010c ; see also Somerville et al. 2008) is
Re(M⋆, z) = R0(1 + z) −0.6 .
We assume the quiescently star-forming discs obey the KS relation (Schmidt 1959; Kennicutt 1998) ,
whereΣ⋆ and Σgas are the SFR and gas surface densities, respectively and nK = 1.4 (Kennicutt 1998) , at all redshifts, Figure 2. SFR ( M ⊙ yr −1 ) versus M⋆( M ⊙ ) for model disc galaxies at integer redshifts in the range z = 0 − 6 (solid lines) and from the observationally derived fitting function of Whitaker et al. (2012) at z = 0, 1, and 2 (dashed lines). The normalisation of the relation increases with redshift both because gas fractions are higher and galaxies are more compact. The model agrees reasonably well with the observations except at z ∼ 0, but we shall see that the z ∼ 0 contribution to our model SMG population is small. If the SFRs from Whitaker et al. (2012) were used instead of those calculated from Equation (10), the z ∼ 0 contribution would be even less, so the discrepancy is unimportant.
as is supported by observations (e.g., Daddi et al. 2010; Genzel et al. 2010; Narayanan et al. 2011 ; but c.f. Narayanan et al. 2012b 
which can be recast in terms of M⋆ rather than Mgas using Equations (5) and (6). Fig. 2 shows the SFR-M⋆ relation given by Equation (10) for integer redshifts in the range z = 0 − 6 and the observed relations from Whitaker et al. (2012) for z ∼ 0, 1, and 2. The agreement between our relation and those observed for z ∼ 1 and 2 is reasonable for the masses (M⋆ 10 11 M⊙) relevant to the SMG population. The agreement is less good for z ∼ 0, but, as we shall see below, this is unimportant because the fraction of SMGs at z 1 is small. If the Whitaker et al. (2012) SFRs were used instead of those calculated from Equation (10), the z ∼ 0 contribution would be even smaller.
In addition to the SFR, we require the dust mass to calculate the (sub)mm flux densities. To determine the dust mass, we must know the gas-phase metallicity. Observations have demonstrated that metallicity increases with stellar mass; this relationship has been constrained for redshifts z ∼ 0 − 3.5 (Tremonti et al. 2004; Savaglio et al. 2005; Erb et al. 2006; Kewley & Ellison 2008; Maiolino et al. 2008) . Maiolino et al. (2008) parameterized the evolution of the mass-metallicity relation (MMR) with redshift using the form
They determine the values of log M0 and K0 at redshifts z = 0.07, 0.7, 2.2, and 3.5 using the observations of Kewley & Ellison (2008) , Savaglio et al. (2005) , Erb et al. (2006) , and their own work, respectively. To crudely capture the evolution of the MMR with redshift, we fit the values of log M0 and K0 given in Table  5 of Maiolino et al. (2008) 
The solar metal fraction is Z⊙ = 0.0142 (Asplund et al. 2009 ), so
We assume the dust mass is proportional to the gas-phase metal mass, M d = MgasZf dtm . Thus,
where we use a dust-to-metal ratio f dtm = 0.4 (Dwek 1998; James et al. 2002) . Motivated by equation (1) of H11, we fit the (sub)mm flux densities of our simulated galaxies as power laws in SFR and M d . We find that 
is accurate to within 0.13 dex for z ∼ 1 − 6. (The flux for galaxies at z 0.5 is underestimated significantly by these equations, but such galaxies contribute little to the overall counts because of the smaller cosmological volume probed and the significantly lower gas fractions and SFRs, so this underestimate is unimportant for our results.) The (sub)mm flux is insensitive to redshift in this redshift range because as redshift increases, the decrease in flux caused by the increased luminosity distance is almost exactly cancelled by the increase in flux caused by the rest-frame wavelength moving closer to the peak of the dust emission (this effect is referred to as the negative K correction; see, e.g., Blain et al. 2002) . By combining Equations (10) and (14) with Equations (15) and (16) Figure 3. Observed-frame 850-µm (S 850 ; top) and 1.1-mm (S 1.1 ; bottom) flux density in mJy versus M⋆( M ⊙ ) for isolated discs at integer redshifts in the range z = 1 − 6 (see Equations 17 and 18). The (sub)mm flux of a disc of fixed M⋆ increases with redshift for two reasons: 1. As shown in Fig. 2 , the normalisation of the SFR-M⋆ relation increases with redshift. 2. For fixed M⋆, gas fraction increases with redshift. For fixed Z, a higher gas fraction corresponds to a higher gas-phase metal mass. However, because the normalisation of the MMR decreases as z increases, the increase of the gas-phase metal mass with gas fraction is partially mitigated. Both the increased SFR and increased dust mass cause the (sub)mm flux to increase.
where we can substitute the appropriate expressions for Mgas, Re, and Z to express S850 and S1.1 in terms of M⋆ and z only. Fig. 3 shows the S850 − M⋆ and S1.1 − M⋆ relations given by Equations (17) and (18), respectively, for isolated discs at integer redshifts in the range z = 1 − 6. As redshift increases, galaxies become more gas-rich and compact; both effects cause the SFR for a given M⋆ to increase (see Fig. 2 ). For fixed Z, a higher gas fraction corresponds to a higher gas-phase metal mass. However, because the normalisation of the MMR decreases as z increases, the increase of the gas-phase metal mass with gas fraction is partially mitigated.
8 The increased SFR and M d both result in a higher (sub)mm flux for a given M⋆. To produce an isolated disc SMG (S850 3 − 5 mJy, or S1.1 1 − 2 mJy) at z ∼ 2 − 3, we re-8 For very high redshifts, at which there should be very few metals and thus very little dust, the (sub)mm flux of a galaxy of a given mass should decrease sharply. However, the precise redshift dependence depends on stilluncertain details of dust production; thus, it is possible that constraints on the fraction of SMGs with z >> 4 will yield insight into the physics of dust production.
quire M⋆ 10 11 M⊙. This value is consistent with the results of Michałowski et al. (2010 Michałowski et al. ( , 2012 .
Note also that we can use these relations to calculate the expected S850/S1.1 ratio, S850/S1.1 ≈ 2.3 (this is similar to observational estimates; e.g., Austermann et al. 2010) . For simplicity, we will use this ratio to derive approximate S850 values to also show an S850 axis on the relevant plots.
Infall-stage galaxy-pair SMGs
During the infall stage of a merger, the discs are dominated by quiescent star formation that would occur even if they were not merging. Only for nuclear separation 10 kpc 9 do the discs have SFRs that are significantly elevated by the mutual tidal interactions (H12); this result is consistent with observed SFR elevations in mergers (e.g., Scudder et al. 2012) . Thus, during the infall stage, we assume the discs are in a steady state (i.e., they have constant SFR and dust mass); even without a source of additional gas, this is a reasonable approximation for the infall stage to within a factor of 2 (see fig. 1 of H11). For a merger of two progenitors with stellar masses M⋆,1 and M⋆,2, the total flux density is S λ = S λ (M⋆,1) + S λ (M⋆,2). The typical beam sizes of singledish (sub)mm telescopes are 15", or ∼ 130 kpc at z ∼ 2 − 3; schematically, when the projected separation is less than this distance, the sources are blended into a single source.
10 To predict single-dish counts, we assume the galaxies should be treated as a single source if the physical separation is < 100 kpc. From our simulations, which use cosmologically motivated orbits, we find that this time-scale is of order ∼ 500 Myr. Though the time-scale depends slightly on the most-massive-progenitor mass, we neglect this dependence because it is subdominant to various other uncertainties. However, this time-scale is derived from the z ∼ 2 − 3 simulations and thus may be too long for mergers at higher z. Given the above assumptions, the duty cycle for a given S ′ λ and merger described by more-massive progenitor mass M⋆,1 and stellar mass ratio µ = M⋆,2/M⋆,1 is 0.5 Gyr if S λ (M⋆,1) + S λ (M⋆,1µ) > S ′ λ and 0 otherwise. With the duty cycle in hand, we can use Equations (2) and (3) to calculate the predicted number density and counts.
To predict counts for ALMA, we simply assume that the two discs are resolved into individual sources and thus treat them as two isolated disc galaxies, as described below.
Isolated disc counts
For a given S λ and z, we invert the S λ (M⋆, z) functions (Equations 17 and 18) to calculate the minimum M⋆ required for a galaxy at redshift z to have (sub)mm flux density > S λ , M⋆(S λ |z). To calculate the number density n(> S λ , z), we then simply use the star-forming galaxy SMF to calculate The 850-and 870-µm counts have been converted to 1.1-mm counts by assuming S 850 /S 1.1 ≈ S 870 /S 1.1 = 2.3. This ratio has also been used to show the approximate S 850 on the top axis. The hatched area shows the regime where weak lensing is expected to significantly boost the counts for overdense fields (Aretxaga et al. 2011 ). The counts predicted by our model agree very well with the counts that are not thought to be boosted significantly by lensing. N.B. The steepness of the cutoff in the starburst counts at S 1.1 4 mJy is artificial; see the text for details.
and we use Equation (3) to calculate the predicted counts. To predict counts for single-dish (sub)mm telescopes, where the galaxypair SMGs are blended into a single source, we subtract the fraction of galaxies with M⋆ > M⋆(S λ |z) that are in mergers from the isolated disc counts to avoid double counting.
RESULTS
Here, we present the key results of this work, the SMG cumulative number counts, the relative contributions of the subpopulations, and the redshift distribution predicted by our model. We focus on the AzTEC (Wilson et al. 2008) 1.1-mm counts here because to our knowledge, the best-constrained blank-field counts (i.e., those from the deepest and widest surveys) have been determined using that instrument (Austermann et al. 2010; Aretxaga et al. 2011 ). However, because for our simulated SMGs, S850/S1.1 = 2.3 to within ∼ 30 per cent, we can easily convert the 1.1-mm counts to 850-µm counts. Thus, we include both S1.1 and S850 values on the relevant plots and convert observed 850-µm counts to 1.1-mm counts by assuming the same ratio holds for real SMGs. Fig. 4 shows the total cumulative 1.1-mm number counts (black solid line), which are calculated from the cumulative number density using Equation (3). We decompose the counts into isolated discs (green long-dashed), galaxy pairs (blue dashed), and starbursts induced at merger coalescence (red dash-dotted); the relative contribution of each subpopulation is discussed in Section 5.2. The data points in Fig. 4 The predicted and observed counts are in good agreement at the lowest fluxes, but the predicted counts are less than some of those observed at the bright end. The Austermann et al. (2010) and Aretxaga et al. (2011) surveys are the two largest (∼ 0.7 deg −2 ), so their counts should be least affected by cosmic variance and thus most robust. Thus, it is encouraging that the agreement between our predicted counts and those of Austermann et al. (2010) is very good at all fluxes. The disagreement between our predicted counts and those observed by Aretxaga et al. (2011) is significant even for the lower flux bins (a factor of ∼ 2 for the S1.1 > 2 mJy bin). However, Aretxaga et al. (2011) conclude that the excess of sources at S1.1 5 mJy compared with the SHADES field observed by Austermann et al. (2010) is caused by sources moderately amplified by galaxy-galaxy and galaxy-group lensing. At higher fluxes, the effect of lensing is more significant (Negrello et al. 2007; Paciga et al. 2009; Lima et al. 2010) , and it would be incredibly difficult to explain the sources with mm flux density >> 10 mJy observed by Vieira et al. (2010) and Negrello et al. (2010) if they are not strongly lensed. We do not include the effects of gravitational lensing in our model, so it is unsurprising that we significantly under-predict the counts of Aretxaga et al. (2011) despite the excellent agreement between our counts and those observed by Austermann et al. (2010) .
SMG number counts for single-dish observations
Additionally, it is important to note that the steepness of the cutoff in the starburst counts at S1.1 4 mJy is artificial: because we determine the fluxes of the isolated discs and galaxy pairs in an analytic way, we can extrapolate to arbitrarily high masses for those populations. For the starbursts however, we are limited by the parameter space spanned by our merger simulations. None of our starburst SMGs reach S1.1 6.5 mJy (or S850 15 mJy), so the duty cycle for all starbursts for S1.1 6.5 mJy is zero. If we were to simulate a galaxy more massive than our most massive model (b6), the simulation would reach a correspondingly higher flux, so the predicted counts for S1.1 6.5 mJy would no longer be zero. However, the rarity of such objects does not justify the additional computational expense. Thus for S1.1 4 mJy (or S850 9 mJy), the starburst counts should be considered a lower limit. A simple extrapolation from the lower-flux starburst counts suggests that our model may even over-predict the counts of the brightest sources. However, the observed number density of sources with S1.1 5 mJy is highly uncertain because of the effects of small number statistics, cosmic variance, and lensing, and the uncertainty in the model prediction is significant because of uncertainties in the abundances and merger rates of such extreme systems. Thus, the counts for the brightest sources should be interpreted with caution.
Furthermore, we do not attempt to model some other potential contributions to the SMG population. In particular, we do not include contributions from mergers of more than two discs, clus- Figure 5 . Fractional contribution of each subpopulation to the total cumulative counts versus S 1.1 . The lines are the same as in Fig. 4 . At the lowest fluxes, the isolated discs dominate, whereas at the highest fluxes, the starbursts dominate. The galaxy pairs are ∼ 30-50 per cent of the population at all fluxes plotted here.
ters, or physically unrelated sources blended into a single (sub)mm source (see Wang et al. 2011 for evidence of the last type).
Given these caveats and the modelling uncertainties, our predicted counts are clearly consistent with those observed, and including lensing and the previously mentioned additional possible contributions to the SMG population would tend to increase the number counts. Also, we stress that our model is conservative in the sense that it uses a Kroupa -rather than top-heavy or flat -IMF and is tied to observations whenever possible. The consistency of the predicted and observed counts suggests that the observed SMG counts may not provide evidence for IMF variation; this will be discussed in detail in Section 6.1.
Relative contributions of the subpopulations
In previous work (H11 ; Hayward et al. 2011b ; H12), we argued that the SMG population is not exclusively late-stage merger-induced starbursts but rather a heterogeneous collection of starbursts, infallstage mergers ('galaxy-pair SMGs'), and isolated discs. However, so far we have only presented the physical reasons one should expect such heterogeneity. It is crucial to quantify the relative importance of each subpopulation, so we do this now.
The counts shown in Fig. 4 are divided into subpopulations, but the relative contributions can be read more easily from Fig. 5 , which shows the fractional contribution of each subpopulation to the total cumulative counts. At the lowest fluxes, the isolated disc contribution is the most significant. At S1.1 ∼ 0.8 mJy (S850 ∼ 2 mJy), the three subpopulations contribute almost equally. As expected from conventional wisdom, the starbursts dominate at the highest fluxes. However, contrary to conventional wisdom, the bright SMGs are not exclusively merger-induced starbursts: from Fig. 5 , we see that at all fluxes plotted, the galaxy pairs account for ∼ 30-50 per cent of the total predicted counts, so they are a significant subpopulation of SMGs in our model. As explained in H12, the galaxy-pair SMGs are not physically analogous to the mergerinduced starburst SMGs; thus, their potentially significant contribution to the SMG population can complicate physical interpretation of the observed properties of SMGs.
It is interesting to compare the relative contributions of the isolated disc and galaxy-pair subpopulations because the relative contributions can be understood -at least schematically -in a simple manner. For a major merger of two galaxies with M⋆ = Miso, the flux of the resulting galaxy-pair SMG is approximately twice that of the individual isolated discs, 2S1.1(Miso). Because S1.1 depends sub-linearly on M⋆ (see Fig. 3 ), for an isolated disc to have S1.1 equal to that of the galaxy pair, it must have M⋆ 3Miso. Thus, the relative contribution of the two subpopulations depends on whether the number density of M⋆ = 3Miso discs divided by that of M⋆ = Miso discs, n(3Miso)/n(Miso), is greater than the fraction of M⋆ = Miso discs undergoing a major merger, which is the merger rate times the duty cycle of the infall phase (∼500 Myr). If the former is larger, the M⋆ = 3Miso discs will dominate the pairs of M⋆ = Miso discs, whereas if the merger fraction is higher than the relative number density, the galaxy pairs will dominate.
The latter scenario is likely for bright SMGs, which are on the exponential tail of the SMF. For example, at z ∼ 2 − 3, a galaxy with M⋆ = 10 11 M⊙ undergoes ∼ 0.3 mergers per
Gyr. Thus, if we assume a duty cycle of 500 Myr for the galaxypair phase, approximately 15 per cent of such galaxies will be in galaxy pairs. For the Marchesini et al. (2009) SMF, the number density of M⋆ = 3 × 10 11 M⊙ galaxies is ∼ 8 per cent that of M⋆ = 10 11 M⊙ galaxies. Therefore, by the above logic, the pairs of M⋆ = 10 11 M⊙ galaxies will contribute more to the submm counts than the isolated M⋆ = 3 × 10 11 M⊙ discs. This simple argument demonstrates why the galaxy pairs become dominant over the isolated discs for S1.1 0.7 mJy (S850 1.6 mJy). However, the threshold for dominance depends on both the S1.1 −M⋆ scaling and the shape of the SMF at the high-mass end. Thus, observationally constraining the fraction of the SMG population that is galaxy pairs can provide useful constraints on both the (sub)mm flux-M⋆ relation and the shape of the massive end of the SMF.
Unfortunately, the relative contribution of the starburst subpopulation cannot be explained in as simple a manner. The duty cycles for the merger-induced starbursts depend sensitively on progenitor mass and merger mass ratio, so the mapping from merger rate to number density is not as simple as it is for the isolated discs and galaxy pairs. Fortunately, the SMF uncertainty, which is very significant for the overall counts, is relatively unimportant for the relative contribution of starbursts and galaxy pairs. Thus, the relative contributions of starbursts and galaxy pairs depend primarily on their relative duty cycles. (To achieve a given flux density, one requires a less massive starburst than galaxy pair because the starburst increases the (sub)mm flux density moderately. Thus, the relative number density also matters. However, the inefficiency of starbursts at increasing the (sub)mm flux density of the system prevents significantly less massive but more common starbursts from dominating over more massive and rarer galaxy pairs.) The duty cycles are uncertain, but given that in our fiducial model the galaxy pairs contribute ∼ 30 − 50 per cent of the total counts and the uncertainty in the duty cycles is definitely less than a factor of 2 − 3, the prediction that both the starburst and galaxy pair subpopulations are significant (i.e., more than a few per cent of the population) is robust.
Though there have been many observational hints suggesting the importance of the galaxy-pair contribution (see H11 and H12 for discussion), the physical importance of this subpopulation has to date not been fully appreciated, and the fractional contribution of galaxy-pair SMGs to the total counts remains relatively poorly constrained. However, clear observational evidence supporting the significance of this subpopulation is accumulating: of the 12 SMGs presented in Engel et al. (2010) , 5 have CO emission that is resolved into two components with kinematics consistent with two merging discs. In two of the cases, the projected separation of the two components is > 20 kpc; such objects are prime examples of the galaxy-pair subpopulation. (See also Tacconi et al. 2006 Tacconi et al. , 2008 Bothwell et al. 2010; Riechers et al. 2011a,b.) Smolčić et al. (2012) presented a larger sample of SMGs with (sub)mm-interferometric detections. They found that when observed with interferometers with 2" resolution, ∼ 15 − 40 per cent of single-dish SMGs were resolved into multiple sources, which is consistent with our prediction for the relative contribution of the galaxy-pair subpopulation. ALMA observations will significantly increase the number of SMGs observed with ∼ 0.5" resolution and thus better constrain the galaxy-pair contribution to the SMG population.
Further evidence for a galaxy-pair contribution consistent with what we predict is the fraction of the SMGs with multiple counterparts at other wavelengths. One of the earliest observational indications of this population came from the SCUBA 8-mJy survey: of . The mean redshifts are 3.5 and 3.1 for the model and observed SMGs, respectively. In both panels, the flux limits were chosen to approximately match those of the observations. The brighter SMGs tend to be at higher redshifts.
this sample of 850-µm sources, Ivison et al. (2002) found that ∼ 25 per cent have multiple radio counterparts. Approximately ten per cent of the GOODS-N 850-µm (Pope et al. 2006) , GOODS-N 1.1-mm ), SHADES 850−µm (Ivison et al. 2007; Clements et al. 2008) , and GOODS-S 1.1-mm (Yun et al. 2012) sources have multiple counterparts. These fractions are somewhat smaller than the ∼ 30-50 per cent contribution shown in Fig.  5 , but both the predicted and observed fractions are uncertain. As explained above, the predicted fraction depends sensitively on the shape of the upper-end of the SMF and the relation between (sub)mm flux and M⋆. Observations, on the other hand, may miss the more widely separated counterparts and cases when one of the counterparts is significantly more obscured or is radio-quiet.
Redshift distribution
In addition to the number counts, a successful model for the SMG population must reproduce the redshift distribution. Fig. 6 shows the redshift distribution of 1.1-mm sources predicted by our model for different 1.1-mm flux cuts (S1.1 > 1.5 mJy, or S850 3.5 c 2012 RAS, MNRAS 000, 1-20 mJy, in the top panel and S1.1 > 4 mJy, or S850 9 mJy, in the bottom) along with some observed distributions that have similar flux limits. The redshift distributions are relatively broad, and they peak in the range z ∼ 2 − 4 and decline at lower and higher redshifts. The S1.1 > 1.5 mJy sources have mean redshift 3.0, whereas the S1.1 > 4 mJy sources have mean redshift 3.5, so there is a tendency for the brighter sources to be at higher redshifts; this trend agrees with observations Yun et al. 2012; Smolčić et al. 2012) .
For the S1.1 > 1.5 mJy SMGs (top panel of Fig. 6 ), compared with the observations, our model predicts a higher mean redshift and a greater fraction of SMGs at z ∼ 3 − 4. This discrepancy may suggest that the extrapolation of the Fontana et al. (2006) SMF we use for z > 3.75 over-predicts the number of massive galaxies at the highest redshifts. Furthermore, merger time-scales may be shorter at high redshift, and the dust content may be lower than in our models; both of these effects would decrease the high-redshift contribution. Additionally, constraining the redshift distribution is complicated by selection effects, counterpart identification, and, in some cases, a lack of spectroscopic redshifts. Typically, the selection effects and counterpart identification make identifying higherredshift SMGs more difficult. Finally, the significant differences amongst observed distributions (see Smolčić et al. 2012 for discussion) demonstrate the difficulty of determining the redshift distribution. Thus, the differences in the distributions may not be significant; spectroscopic follow-up of ALMA sources should clarify this issue (but note that the redshift distribution of ALMA sources, which is shown in the next section, should differ slightly). The typical redshift for the brighter SMGs (bottom panel of Fig. 6 ) is also somewhat higher than that observed (3.5 compared with 3.1), and the peak at z ∼ 1 − 2 is not reproduced. However, the observed distribution is based on a sample of 17 sources, so small-number statistics might explain the differences.
Predicted ALMA-detected SMG number counts and redshift distribution
In the above sections, we have presented our model predictions for surveys performed with single-dish (sub)mm telescopes such as the . Predicted cumulative number counts for the SMG subpopulation observed with telescopes, such as ALMA, that have resolution sufficient to resolve the galaxy-pair subpopulation into multiple sources. The green long-dashed line corresponds to isolated disc galaxies, the dash-dotted red to starbursts, and the black solid to the total counts. The single-dish counts from Fig. 4 are shown for comparison (blue dash dot dot dot). The top axis shows approximate S 850 values. Because some of the bright sources would be resolved into multiple sources with ALMA, the counts of bright ALMA sources are as much as a factor of 2 less than the single-dish counts. Figure 8 . Predicted redshift distributions for ALMA-detected SMGs with S 1.1 > 1.5 mJy (S 850 3.5 mJy; black solid line;z = 3.0) and S 1.1 > 4 mJy (S 850 9 mJy; blue dashed line;z = 3.5). As for the single-dish sources, the brighter SMGs tend to lie at higher redshift.
JCMT, for which the ∼ 15 arcsec beam causes the galaxy-pair SMGs to be blended into a single source for much of their evolution. If larger single-dish (sub)mm telescopes such as the LMT and CCAT are used, then the galaxy-pair SMGs will be blended for a smaller fraction of the infall stage of the merger. Thus, the duty cycle for the galaxy-pair phase will be shorter and the number counts of the bright sources consequently less. For interferometers with angular resolution 0.5 arcsec (or ∼ 4 kpc at z ∼ 2 − 3), such as ALMA, essentially all galaxy-pair SMGs will be resolved into multiple sources because for such separations, the mergers are typically dominated by the starburst mode (H12). Thus, the galaxy pairs would contribute to the number counts as two quiescently star-forming galaxies rather than one blended source.
To predict the counts and redshift distribution of ALMA sources, we modify our model by removing the galaxy-pair con- Approximate 850-µm and ALMA Bands 6 & 7 flux densities calculated using the conversion factors S 850 /S 1.1 = 2.3, S ALMA−6 /S 1.1 = 0.8, and S ALMA−7 /S 1.1 = 1.6. e Cumulative number counts of SMGs with 1.1-mm flux density greater than the S 1.1 value given in the first column. f-g Fractional contribution of each subpopulation to the total cumulative counts for the given S 1.1 . tribution and re-distributing those galaxies into the isolated disc subpopulation. The predicted cumulative number counts are shown in Fig. 7 , in which the total single-dish counts are also plotted for comparison. The values of the counts and the fractional contributions of the isolated discs and starbursts for various flux bins are given in Table 6 . To facilitate comparison with observations, the table includes approximate flux densities for ALMA Bands 6 and 7 calculated using the mean ratios for our simulated SMGs, SALMA−6/S1.1 = 0.8 ± 0.06 and SALMA−7/S1.1 = 1.6 ± 0.2.
As for the single-dish counts, the isolated discs dominate at the lowest fluxes (S1.1 1 mJy, or S850 2 mJy), and the brightest sources are pre-dominantly starbursts. Because the galaxy-pair SMGs are resolved into multiple fainter sources, the cumulative number counts for ALMA-detected SMGs are lower at all fluxes by ∼ 30 − 50 per cent, and the differential counts should be steeper. (At fluxes fainter than those shown, for which the isolated discs completely dominate and the bright sources contribute negligibly to the cumulative counts, the single-dish and ALMA cumulative counts will be almost identical.) This effect has also been discussed by Kovács et al. (2010) and Smolčić et al. (2012) .
The redshift distributions for two flux cuts are shown in Fig.  8 , and the values are given in Table 7 . The mean redshifts for the S1.1 > 1.5 and 4 mJy (S850 3.5 and 9 mJy) bins are 3.0 and 3.5, respectively. The mean values are almost identical to those for the single-dish counts, and there is also the same tendency for the brightest SMGs to be at higher redshifts. The redshift distributions are similar, but the distribution for the S1.1 > 4 mJy sources is less strongly peaked than for the single-dish sources. The latter's redshift distribution is more strongly peaked because the redshift distribution of the bright galaxy pairs peaks at z ∼ 3.5.
DISCUSSION
Are modifications to the IMF required to match the observed SMG counts?
One of the primary motivations for this work is to reexamine the possibility that SMG number counts provide evidence for a flat IMF (B05, Swinbank et al. 2008; Davé et al. 2010) . To test this claim, we have assumed the null hypothesis -that the IMF in SMGs does not differ from what is observed locally -and used a Kroupa IMF. Furthermore, our model is constrained to match the present-day mass function -or, more accurately, to not over-produce z ∼ 0 massive galaxies -by construction; this is an important 'litmus test' for putative models of the SMG population. The counts predicted by our model agree well with the observed counts for fields believed not to be significantly affected by gravitational lensing (e.g., Austermann et al. 2010) . Thus, our model does not require modifications to the IMF to match the observed counts. As an additional check, we crudely approximate the effect of varying the IMF in starbursts in our model by multiplying the (sub)mm fluxes of our starbursts by factors of 2 (to represent a 'mildly top-heavy IMF') and 5 (to represent a 'flat IMF', because this is the factor appropriate for the IMF used in B05; G.-L. Granato, private communication) . Fig. 9 shows the range in number counts predicted for this total, normal IMF 1 10 2.3S 1.1 ≈ S 850 (mJy) Figure 9 . Predicted cumulative number counts for the unlensed SMG population as observed with single-dish (sub)mm telescopes, N (> S 1.1 ), in deg −2 , versus S 1.1 (mJy), where we have crudely approximated the effects of using a 'mildly top-heavy' ('flat') IMF in starbursts by multiplying the 1.1-mm flux of the starburst SMGs by a factor of 2 (5). The region filled with cyan lines indicates the range spanned by IMF boost factors between 2 and 5. The counts for our standard model, which uses a Kroupa IMF, are shown for comparison. The points and grey hatched region are the same as in Fig. 4 . The starburst and total counts are increased significantly by the 'top-heavy IMF', but the isolated disc and galaxy pair counts are not affected because their fluxes are not altered. The starbursts dominate the SMG population for S 1.1 1 mJy (S 850 2 mJy). For S 1.1 2 mJy (S 850 5 mJy), the 'mildly top-heavy IMF' model over-predicts the counts that are thought not to be boosted by lensing, and the 'flat IMF' model overpredicts all the observed counts, which suggests that a significantly top-heavy IMF is ruled out. N.B. The lack of a boost in the counts for S 1.1 1 mJy is artificial; see the text for details.
range of IMF variation. This modification causes starbursts to completely dominate the counts for S1.1 (S850) 1 (2) mJy (as is the case for the B05 model), and the predicted counts are significantly greater than most of the observed counts for unlensed SMGs.
11 (At the lower fluxes, the similarity between the starbursts counts for the various IMF factors is an artificial effect caused by the limited parameter space spanned by our simulation suite. If the suite included mergers of lower-mass galaxies, adopting a top-heavy IMF would cause them to contribute to the counts at these fluxes and thus boost the counts at all fluxes. Furthermore, the strength of the effect at the highest fluxes is underestimated because of the aforementioned artificial cutoff of our starburst counts at S1.1 4 mJy; see 5.1 for details.) Applying the 'flat IMF' factor causes the model to significantly overpredict all the observed counts for S1.1 2 mJy (S850 5 mJy), and as explained above, the lack of an effect for lower fluxes is an artificial consequence of our merger simulation suite not including lower-mass galaxies. The clear conclusion is that in our model, significant modification to the IMF in starbursts is unjustified.
Admittedly, the above arguments against IMF variation depend on the details and assumptions of our model. However, there is a much simpler argument against the IMF in starbursts being flat or significantly top-heavy: as discussed above (and in detail in H11 and H12), there is growing observational evidence that a significant fraction of the single-dish-detected SMG population is attributable to multiple sources blended into one (sub)mm source. In some cases, the SMGs are early-stage mergers with components separated by 10 kpc (see Engel et al. 2010 and Riechers et al. 2011a ,b for excellent examples). Hydrodynamical simulations suggest that at such separations, a strong starburst is typically not induced (H12); this is consistent with observations of local galaxy pairs (e.g., Scudder et al. 2012) . When the galaxies eventually merge, their SFRs will increase by a factor of a few at the least (typically significantly more for major mergers, but we will be conservative) and if the IMF is flat in starbursts, the (sub)mm flux per unit SFR produced will increase by a factor of ∼ 5. Thus, the (sub)mm flux of the galaxies should increase by a factor of 10 during the starburst. The relative duty cycles of the galaxy-pair and starburst phases are similar (to within a factor of a few), so for a given mass and mass ratio, the number density of starbursts and mergers in the galaxy-pair phase should be similar. Thus, if the (sub)mm flux is 10 times greater in the starburst phase than in the quiescently star-forming galaxy-pair phase, mergers during the galaxypair phase should contribute negligibly to the bright SMG population, as is the case in Fig. 4 , even when a more modest boost (a factor of 2) is used. This is in stark contradiction with observational evidence. Indeed, the existence of the galaxy-pair subpopulation is a natural consequence of starbursts being very inefficient at boosting the (sub)mm flux of merging galaxies (see the discussion in Section 5.2). The only means to circumvent this argument is to argue that the multiple-component SMGs observed are all starbursts, but as explained above, this is unlikely.
The above argument does not rule out the possibility of a mildly top-heavy IMF in starbursts or systematic global evolution of the IMF with redshift (as suggested by, e.g., van Dokkum 2008; Davé 2008; Narayanan & Davé 2012) ; it only requires that the IMFs in starburst and galaxy-pair SMGs at a given redshift be similar. Furthermore, the argument does not rule out the possibility of a bottom-heavy IMF in starbursts, which has been suggested recently for local massive ellipticals, the descendants of high-z starbursts (e.g., van Dokkum & Conroy 2010 Conroy & van Dokkum 2012; Hopkins 2012) . If the IMF were bottom-heavy in starbursts, the scaling between (sub)mm flux and SFR would be weaker than what we have shown in H11 and here. The weaker scaling would further increase the contribution of galaxy-pair SMGs to the SMG population. Unfortunately, the model and observational uncertainties are sufficiently large that we cannot use the observed galaxypair fraction to argue for or against a bottom-heavy IMF in starbursts, but the above arguments suggest that a significantly topheavy IMF is unlikely.
Differences between our model and other work
Because we find that, contrary to some previous suggestions (B05, Swinbank et al. 2008; Davé et al. 2010 ), a top-heavy IMF is not required to match the observed SMG counts, it is worthwhile to examine why our results differ from those works. There are multiple reasons our results may differ: the cosmological context (abundances and merger rates), the evolution of SFR and dust mass for individual mergers, the radiative transfer calculation, the effects of blending, and differences in the observed counts used. We explore these in turn now.
Radiative transfer calculation
In H11, we demonstrated that the (sub)mm flux density of our simulated galaxies can be well parameterized as a power law in SFR and dust mass (see Equations 15 and 16). If the same relation does not hold in the B05 model, then differences in the radiative transfer may be one cause of the discrepancy between our counts and theirs. While we have been unable to compare directly with the B05 model, we have compared our results with those of a SAM that uses a similar radiative transfer treatment (Benson 2012) . We find that relations similar to Equations (15) and (16) hold for the SMGs in the SAM, so it appears that the radiative transfer is not the primary cause of the discrepancy even though some aspects of the radiative transfer differ significantly [e.g., the geometry used in the SUN-RISE calculations is taken directly from the 3-D GADGET-2 simulations, whereas the geometry assumed by GRASIL is analytically specified and azimuthally symmetric; the GRASIL calculations include a sub-resolution model for obscuration from the birth clouds around young stars, but we opt not to use the corresponding subresolution model that is implemented in SUNRISE (Groves et al. 2008) for the reasons discussed in sections 2.2.1 and 4.6 of H11]. Davé et al. (2010) did not perform radiative transfer; instead, they assumed that the most rapidly star-forming galaxies in their simulation were SMGs. However, as noted previously (H11), this simple ansatz is not necessarily true because of differences in dust mass amongst galaxies and the effects of blending. Thus, if dust radiative transfer were performed in or our fitting functions were applied to the Davé et al. (2010) simulations, the conclusions might differ.
Merger evolution
Perhaps the time evolution of the SFR or dust mass in the B05 SAM and our model differs. B05 parameterize the SFR in bursts asṀ⋆ = Mgas,c/τ⋆, where Mgas,c is the cold gas mass and τ⋆ is a SFR time-scale given by τ⋆ = max[f dyn τ dyn , τ ⋆burst,min ]. Here, f dyn = 50, τ dyn is the dynamical time of the newly formed spheroid, and τ ⋆burst,min = 0.2 Gyr. The major merger shown in fig. 1 of H11 has Mgas ∼ 10 11 M⊙ when the galaxies are at coalescence. Let us suppose that all the gas is cold. Then, the maximum SFR possible give the B05 prescription is 10 11 M⊙/0.2 Gyr = 500 M⊙ yr −1 , ∼ 9 times less than that of the simulation. If the dust mass is kept constant, Equations (15) and (16) imply that a factor of 9 decrease in SFR results in a factor of ∼ 2.5 decrease in (sub)mm flux, which would significantly affect the predicted counts. This is of course only a crude comparison, but it demonstrates that the SFHs of starbursts in the B05 model may disagree with those in our simulations, and differences in the dust content may also be important.
Further evidence that the physical modelling of mergerinduced starbursts may account for some of the discrepancy is provided by the different importance of starbursts in the two models. In the B05 model, starbursts dominate the submm counts by a large margin and contribute significantly to the SFR density of the universe; they dominate over quiescently star-forming discs for z 3. In our model, isolated discs dominate the (sub)mm counts at the lowest (sub)mm fluxes and quiescently star-forming galaxypair SMGs provide a significant contribution to the bright counts. Furthermore, in our model, merger-induced starbursts account for 5 per cent of the SFR density of the universe at all redshifts (Hopkins et al. 2010c) ; this is consistent with the starburst-mode contribution inferred from the stellar densities, surface brightness profiles, kinematics, and stellar populations of observed merger remnants (Hopkins et al. 2008b (Hopkins et al. , 2009a .
Differences in the SFHs of mergers may also contribute to the discrepancy between our model and that of Davé et al. (2010) . It is not clear that the resolution of the Davé et al. (2010) simulation (3.75h −1 kpc comoving) is sufficient to resolve the tidal torques that drive merger-induced starbursts. If it is not, the SFRs during mergers of their simulated galaxies would be underestimated, and part of the discrepancy between their simulated SMGs' SFRs and those observed could be attributed to resolution rather than IMF variation. Furthermore, their wind prescription may artificially suppress the SFR enhancement in merger-induced starbursts . Fig. 2 of Davé et al. (2010) shows that all their simulated galaxies lie significantly under the observed SFR-M⋆ relation, so it is perhaps not surprising that they cannot reproduce the SFRs of SMGs, which are a mix of merger-induced starbursts that are outliers from the SFR-M⋆ relation and very massive quiescently star-forming galaxies that lie near the relation (H12; Magnelli et al. 2012; Michałowski et al. 2012) .
Cosmological context
The third major component of the models that can disagree is the cosmological context, which includes the SMF and merger rates. In , we demonstrated that the predicted number densities and redshift distribution of isolated disc SMGs are very sensitive to the assumed SMF. Thus, it is worthwhile to compare the SMF in the SAMs to the observationally derived SMF we have used. While a direct comparison of the B05 SMF to those in the literature is complicated by the B05 model's use of the flat IMF in starbursts (see section 4.2 of Lacey et al. 2010) , Swinbank et al. (2008) have shown that the B05 model under-predicts the restframe K-band fluxes of SMGs, which suggests the masses of their model SMGs are lower than observed. This would be a natural result of an under-prediction of the abundance of massive galaxies.
If the B05 model under-predicts the SMF, then they must compensate by making the starburst contribution significantly higher; they do this by enabling very gas-rich minor mergers to cause strong starbursts (in their model, minor mergers, which only produce a starburst if the most-massive progenitor has baryonic gas fraction greater than 70 per cent, account for approximately threequarters of the SMG population; González et al. 2011) and by modifying the IMF in starbursts such that for a given SFR, they produce significantly greater submm flux. An under-prediction of the abundance of all massive galaxies and subsequent need to strongly boost the starburst contribution would explain why the relative contributions of starbursts and quiescently star-forming galaxies differ so significantly.
Blending
An additional reason for the discrepancy is that neither B05 nor Davé et al. (2010) account for the blending of multiple galaxies into one (sub)mm source, which can be significant for both merging discs (H11, H12) and physically unrelated galaxies (Wang et al. 2011) . Our model suggest that galaxy-pair SMGs can account for ∼ 30 − 50 per cent of the SMG population attributable to isolated discs and mergers. The types of sources Wang et al. (2011) observed could also be important. Thus, not accounting for blending could account for a factor of ∼ 2 discrepancy between the predicted and observed counts.
Revised counts
Finally, B05 compared with and Davé et al. (2010) utilised number counts that have since been superseded by surveys covering significantly larger areas. The new counts are as much as a factor of 2 lower than those of, e.g., Chapman et al. (2005) , so the difference in counts is another non-trivial factor that can explain part of the discrepancy between our conclusion and that of some previous works.
Uncertainties in and limitations of our model
Our model has several advantages: the SEM enables us to isolate possible discrepancies between our model and other work that originate from differences in the dynamical evolution of galaxy mergers and the dust radiative transfer calculation rather than more general issues, such as an overall under-prediction of the SMF at z ∼ 2−4. By constraining the SMF and gas fractions to match observations and including no additional gas in our models, we match the z ∼ 0 mass function by construction. Because we use 3-D hydrodynamical simulations combined with 3-D dust radiative transfer calculations, we can more accurately calculate the dynamical evolution of galaxies and the (sub)mm flux densities than can either SAMs or cosmological simulations. Furthermore, we conservatively assume a Kroupa IMF rather than invoke ad hoc modifications to the IMF. However, our model also has several limitations: first, computational constraints prevent us from running simulations scaled to different redshifts. Instead, we scale all initial disc galaxies to z ∼ 3. Ideally, we would run simulations with structural parameters and gas fractions scaled to various redshifts because the variation in the galaxies' physical properties with redshift may cause the (sub)mm light curves to depend on redshift. In future work, we will run a large suite of simulations that will more exhaustively sample the relevant parameter space; such a suite could be used to more accurately predict the SMG counts and redshift distribution. However, because our predicted counts are dominated by galaxies at z ∼ 3, our conclusions would likely not differ qualitatively.
Second, to have the resolution necessary to perform accurate radiative transfer on a sufficient number of simulated galaxies, we must use idealised simulations of isolated disc galaxies and mergers rather than cosmological simulations. In principle, including gas supply from cosmological scales (e.g., Kereš et al. 2005) could change the results. However, such gas supply is implicitly included in our model for the isolated discs and galaxy-pair subpopulations because we use observationally derived gas fractions for these subpopulations. Because the duty cycles for mergers are calculated directly from the merger simulations, which do not include additional gas supply, the gas contents, and thus SFRs, of the starburst SMGs could be increased if cosmological simulations were used. However, because the (sub)mm flux density depends only weakly on SFR [a factor of 2 increase in the SFR increases the (sub)mm flux density by ∼ 30 per cent; H11], this would not change our results qualitatively. Similarly, differences in the dust content could affect the results, but a factor of 2 decrease in the dust mass decreases the (sub)mm flux density by 50 per cent.
Third, our predictions are affected by uncertainties in the observations used to constrain the model. Of particular importance are uncertainties in the normalisation and shape of the SMF, which are especially significant at z 4. For z 3, the merger rates predicted by our model are uncertain by a factor of 3, but the uncertainties are higher at higher redshifts. A decrease in the normalisation of the SMF or merger rates would decrease the counts predicted by our model. However, the most interesting conclusions would remain: 1.Galaxy pairs would still provide a significant contribution to the SMG population. 2. Depending on the factor by which the abundances are decreased, a mildly top-heavy IMF might not be ruled out. However, a flat IMF would still over-predict the counts even if the SMF normalisation and merger rates were decreased by 10 times, which is surely an overestimate of the uncertainty.
Fourth, we do not include the contribution from physically unrelated (i.e., non-merging) galaxies blended into a single (sub)mm source. From observations, it is known that such galaxies contribute to the SMG population (Wang et al. 2011 ). Whether such sources contribute significantly to the population is an open question that should be addressed by obtaining redshifts for SMGs observed with ALMA. If they do contribute significantly, inclusion of this subpopulation would increase the number counts predicted by our model, change the relative contributions of the subpopulations, and potentially alter the redshift distributions; however, this would only strengthen the evidence against a top-heavy IMF.
Finally, we do not model the effects of gravitational lensing. Whereas the fainter sources are likely dominated by un-lensed SMGs, the bright counts (S1.1 5 mJy, or S850 11.5 mJy) are likely boosted significantly by lensing (Negrello et al. 2007 (Negrello et al. , 2010 Paciga et al. 2009; Lima et al. 2010; Vieira et al. 2010) . Furthermore, the likely cause of the discrepancy between the counts observed by Austermann et al. (2010) and Aretxaga et al. (2011) is that the latter counts are boosted by galaxy-galaxy weak lensing (see the discussion in Aretxaga et al. 2011) , so the discrepancy between our predicted counts and the Aretxaga et al. (2011) counts might be resolved if we included the effects of lensing from a foreground overdensity of galaxies. Again, our model predictions are conservative because inclusion of gravitational lensing would boost the counts; thus, inclusion of lensing would strengthen the argument against a top-heavy IMF.
CONCLUSIONS
We have presented a novel method to predict the number counts and redshift distribution of SMGs. We combined a simple SEM with the results of 3-D hydrodynamical simulations and dust radiative transfer to calculate the contributions of isolated discs, galaxy pairs (i.e., infall-stage mergers), and late-stage merger-induced starbursts to the SMG number counts. Our model is constrained to observations as much as possible; consequently, we are able to isolate the effects of uncertainties related the dynamical evolution of mergers and the dust radiative transfer -which are perhaps uniquely relevant to the SMG population -from more general issues that affect the high-redshift galaxy population as a whole, such as the SMF. Furthermore, we have conservatively used a Kroupa -as opposed to flat or top-heavy -IMF because we wish to test whether we can match the observed counts without modifying the IMF from what is observed locally. Our principal results are: (i) Our fiducial model predicts cumulative number counts that agree very well with those observed for fields thought not to be significantly affected by lensing.
(ii) Except at the lowest fluxes (S1.1 1 mJy, or S850 2 mJy), merger-induced starbursts account for the bulk of the population not accounted for by galaxy-pair SMGs, and the brightest sources are pre-dominantly merger-induced starbursts. Thus, isolated discs contribute negligibly to the bright SMG population. The contribution of isolated discs to the SMG population is a robust testable prediction of our model.
(iii) Contrary to the conventional wisdom, bright SMGs are not exclusively merger-induced starbursts; our model predicts that quiescently star-forming galaxy-pair SMGs account for ∼ 30 − 50 per cent of SMGs with S1.1 0.5 mJy (S850 1 mJy). Though the precise fraction is sensitive to the details of the modelling, the prediction that galaxy pairs contribute significantly to the population (i.e., tens of per cent rather than a few per cent or less) is robust. The observational diagnostics presented in H12 can be used to determine the subset of the SMG population that are quiescently star-forming, thereby testing this prediction of our model.
(iv) The typical redshifts of the model and observed SMGs are similar, but the model may over-predict the number of SMGs at z 4. This may be because the SMF used in our model overpredicts the number of massive galaxies at those redshifts; thus, observations of the abundance of SMGs at z 4 may provide useful constraints on the massive end of the SMF at those redshifts.
(v) Because we have not modified the IMF, our results suggest that we cannot reject the null hypothesis that the IMF in highredshift starbursts is no different than the IMF in local galaxies. A crude test suggests that if we use even a mildly top-heavy IMF in our model, the SMG counts are significantly over-predicted. Thus, we conclude that the observed SMG number counts do not provide evidence for a significantly top-heavy IMF.
(vi) There are multiple possible reasons our conclusions differ from those of previous work, including differences in the radiative transfer calculations, the merger evolution, and the cosmological context and the lack of a treatment of blending in previous work.
